It has been reported, and apparently not widely disputed, that the gastrocnemius muscle from mice with a form of hereditary muscular dystrophy is much more resistant to fatigue than that from a normal mouse Brust, 1958, 1962; Eberstein and Sandow, 1963, Hinterbuchner, Angyan, and Hirsch, 1966) . There is nothing in the well-known morphological or biochemical abnormalities of the dystrophic muscle cell which could be expected to confer such remarkable durability, and it is very difficult to reconcile the findings in vitro with either clinical experience or the motor performance of the afflicted mice. During the course of experiments with the same type of dystrophic mice and controls we have observed that widely divergent fatigue patterns may be recorded in different muscles from the same animal, depending upon the conditions of the experiment, and we have therefore re-examined in both slow and fast muscles the question of relative preservation of strength in muscular dystrophy.
METHODS
All experiments were performed in vitro on muscles removed from the hind limbs of mice. Twelve dystrophic mice of the strain ddy 1291 and 30 normal controls of similar age and weight were used. All the animals were from 8 to 12 weeks of age. The muscles were removed during ether anaesthesia with the assistance of a watch-maker's loupe and were tested in a specially constructed organ bath having two separate force transducers attached. The bath arrangement permitted a pair of muscles to be studied simultaneously, usually a slow and a fast muscle from the same animal. Muscles from both hind limbs were often tested in the same experiment, and then either both slow muscles or both fast muscles were examined together. The temperature of the bath was controlled by means of a water jacket and was maintained within 1.50 C during an experiment. The range of temperatures selected in all experiments was 29 ± 1-50 C.
The muscles were removed as quickly as possible and were equilibrated at room temperature for at least 20 minutes before testing in vigorously oxygenated solution of the composition described by Elmqvist and Quastel (1965) . Before mounting, the soleus muscles were carefully teased away from the under surface of the gastrocnemius muscle under a dissecting microscope, and, in the early experiments, the latter muscle was then gently separated into two or more separate bundles. Though great care was taken in the original muscle excision, microscopic examination of the smaller bundles of the gastrocnemius muscle usually showed that there were large numbers of fibres that had been transected just below the very short tendon of origin. In a few cases it was felt that the muscle had been removed with the heads of origin intact, but then it was always found that many fibres had been torn or cut in the process of separating the whole muscle into smaller bundles. The smaller, flatter, dystrophic gastrocnemii were much easier to remove, as the heads of origin tended to be flat bands easily accessible deep in the popliteal fossa, and it was even possible in some of these muscles to excise a clearly identifiable piece of proximal tendon. Further, because of their reduced weight and volume, the dystrophic muscles needed no trimming to remain viable in the organ bath.
Because of the difficulties in obtaining truly comparable specimens, the gastrocnemius preparation was then rejected after the initial experiments, except as a vehicle for the soleus, and the extensor digitorum longus (EDL) was used as the fast muscle. The EDL was very nearly the same weight and shape as the soleus muscle from the same animal and so lent itself nicely to an additional comparison between slow and fast muscles. In several experiments the fatigue patterns of EDL and a relatively small bundle of gastrocnemius muscle from the same normal animal were compared and, in two dystrophic animals, a subdissected gastrocnemius bundle from one leg was tested in the same bath with the whole gastrocnemius muscle from the other.
Recording 
RESULTS

RELIABILITY OF GASTROCNEMIUS AS TEST MUSCLE
The initial experiments were designed to test whether muscle as large as the normal gastrocnemius muscle could be kept in good condition in vitro at 300 C. From these pilot studies it became clear that the whole normal gastrocnemius muscle was not a suitable specimen for prolonged study, and, though trimming occasionally produced a smaller gastrocnemius bundle which contracted well, the overall effect was not satisfactory, as can be seen in Fig. 1 . The average, intact, normal gastrocnemius muscle weighed 148-2 + 5-3 mg (18 specimens 8 5 mg (17 specimens). When the subdissected normal specimen was about one-third the volume of the whole it did no better at all in terms of its fatigue pattern, and it was only when it was possible to remove intact a very small piece (about 1/10 of the whole) that the shape of the curve improved significantly. The specimens marked 0 (12-5 mg) and * (60 mg) in the Figure illustrate this point and should be compared with A, a typical whole, dystrophic gastrocnemius muscle (21-5 mg). What was of interest was that, while the whole dystrophic gastrocnemius muscle maintained its tension better than the usual whole normal muscle, the subdissected dystrophic muscle (3-2 mg) behaved very much like the trimmed normal and failed more rapidly than when it was left intact ( 0 in Fig. 1 Fig. 2a and Fig. 2b it can be seen that the EDL muscles from the control and dystrophic animals did not show significantly different behaviour during long runs of Fig. 3 . It can be seen that the fatigue pattern of slow muscles in the dystrophic mouse is also indistinguishable from normal, as had earlier been found by Brust (1966) . Table 2 shows that, while the average twitch response of both normal and dystrophic soleus muscle fell quickly to a slightly lower level than the twitches of EDL (at 1,200 impulses), the slow muscles from both test groups were nevertheless able to achieve a higher fraction of their original tetanus tension after 5,000 impulses. The run-down of relative twitch tension in dystrophic soleus muscle over the entire stimulation programme was about the same as that of the EDL muscles from either group, and there was thus no evidence of selective involvement of the fast fibres. The KCI effects and recovery are illustrated in Table 4 , the data on the left indicating the fatigued muscles' ability to respond, those on the right, their ability to recover excitability after five minutes again in normal nutrient solution. In each of the partly fatigued muscles the strength of the contracture after KCI was but a fraction of that generated by the last tetanus. Such a finding is not unexpected in view of the fact that, even in the smallest specimens (2-3 mg), diffusion lag precluded simultaneous depolarization of all the fibres, and it is clear that, in the multifibre preparation, the KCI contracture cannot be used to distinguish failure of excitation-contraction coupling, or surface causes of fatigue, from disturbances in the contractile proteins themselves (Eberstein and Sandow, 1963) . The data show that the KCI contracture was weakest in the normal fast muscles, the normal EDL achieving only about one-quarter the force of a tetanus given electrically at the same point on the run-down curve. The slow muscles of both dystrophic and normal animals gave proportionally stronger responses. With regard to the time course of the contractures in all the muscles, it must be emphasized that the KCI exposure was never more than 60 seconds, after which the bath was very thoroughly washed. All the muscles had, moreover, already begun to relax by the time the KCI was removed, and so the withdrawal of the ion presumably had little to do with the relaxation. It can be seen that slow muscles give more prolonged contractures with slower rise times than those of fast muscles in both normal and dystrophic animals, and that the development of contracture tension in dystrophic soleus muscle is slowest of all.. The fast muscles of normal mice gave a quicker rise to peak contracture tension than dystrophic muscles, though the relaxation times were about the same. The ability of the various muscles to repolarize to some critical value was estimated by recording, at a standard interval, the relative return of twitch and tetanus tension. The rate at which the membranes would approach normal excitability would, of course, be influenced greatly by the length of their exposure to the high [K +] solution (Milligan and Edwards, 1965) , and in this connection it is important to emphasize that all muscles were treated in exactly the same way. Taking exposure time as equal in all experiments, probably the most significant factor in the electrophysiological recovery would be the degree to which actual concentration changes across the membrane had progressed during the depolarization. The aim of this part of the experiments was to try to learn if a brief period in pure, isotonic KCl would cause major 'leaks' in a diseased fibre, after which energy-dependent ion pumping would be needed to restore excitability. If such were the case, the dystrophic muscles would require more time to recover or would not recover at all.
The data in Table 4 indicate that the slow and fast muscles from both dystrophic and normal mice can recover from one half to three-quarters of their contracture strength shortly after KCI depolarization and that the normal seems to have no particular advantage. Statistical methods could not be applied to either twitch or tetanus recovery data as the KCl tests were not all made at the same points on the fatigue curves of the various muscles. It was concluded that the diseased muscle had not suffered either a greater disturbance of its internal ionic milieu or any difficulty with active ion transport and restoration of membrane polarization after KCl exposure.
The caffeine experiments can be summarized by saying that every muscle was exposed to a 2mM concentration of the alkaloid at some point in the 'run-down' programme. Sometimes the drug was applied before KCl and sometimes after, and, in all cases, there were impressive changes. Within a few seconds both twitch and tetanus tensions had begun to increase, and, where the tension of the previously fatigued fast muscles had shown a tendency to decrease within a tetanus, or to rise very slowly to peak, the caffeine record usually showed a return to the original, stable pattern. The caffeine potentiation was about the same in normal and dystrophic fibres, and in neither group did a 2 mM concentration produce a measurable contracture. On the other hand, twitch relaxation times were clearly prolonged in slow and fast muscles of both animal groups, and a tetanus after caffeine was followed by a post-tetanic contracture, most marked in the soleus muscle.
DISCUSSION
Since we have not been able to substantiate the claim that dystrophy confers on either fast or slow skeletal muscle an unusual resistance to fatigue it is essential to describe any technical or experimental variations which might account for the divergent findings. First, we have used a different muscle, because in a series of early experiments it became clear that neither a whole, nor a partially subdissected, normal gastrocnemius muscle could be kept in good condition in vitro. The smaller dystrophic gastrocnemius muscle, which could more easily be removed intact and which required no trimming to reduce its volume, performed better in terms of its relative fatiguability, but if a normal gastrocnemius specimen could be reduced to the same weight, approximately, as the soleus muscle without injury, then that small bundle fatigued no more rapidly than the dystrophic muscle. The importance of injury in muscle performance was clearly shown for the dystrophic gastrocnemius muscle, which failed after subdissection just as quickly as the trimmed normal muscle. Even the intact, whole dystrophic gastrocnemius muscle showed a very limited ability to recover after 'run-down', and so it appeared that this relatively large muscle, too, was damaged irreversibly by long stimulation in vitro. Taken together, all these findings led us to conclude that no reliable data could be obtained from the gastrocnemius muscle and that what had previously been called rapid fatigue in relatively large pieces of normal muscle was in fact cell death. All significant differences in relative fatiguability disappeared when smaller fast muscles from the two groups of animals were compared, and it was further observed that the fatigue patterns of the slow soleus muscles were indistinguishable.
Another point of experimental difference was that we used a higher temperature. There is no reason to suppose that this change biased results in the direction of better survival of muscle, as it is well known that higher temperatures cause earlier deterioration of muscles in vitro. Thirdly, we did not curarize our preparations. While it is theoretically possible to argue that, after each direct shock to the muscles there could have been repetitive, indirect activation of some fibres, which would then fatigue earlier, there is no obvious mechanism by which this phenomenon would have equalized the performance of the muscles. Furthermore, it is clear that indirect activation would very quickly have failed entirely under the conditions of our experiments.
No arguments can be made that the EDL muscle is not affected by the disease or that it does not represent the group of pale, fast muscles of the extremities. Its twitch time was, if anything, shorter than that of the gastrocnemius muscle, suggesting that it may be even freer of the admixture of type I fibres known to exist in the larger muscle (Wuerker, McPhedran, and Henneman, 1965; Dubowitz, 1968) . A higher proportion of type IL fibres in the EDL could hardly be expected to make it more resistant to fatigue during long trains of stimulation in vitro.
In certain other aspects of muscle behaviour our results also have not confirmed the findings of previous investigators. For example, we did not find that dystrophic muscle, though slower than normal at the beginning, responded to activity with a greater than normal increase of contraction and relaxation rates during repetitive stimulation (Sandow and Brust, 1962; Hinterbuchner et al., 1966) . The diseased EDL did show longer total twitch times than the normal, but both responded with the same relative increases in the velocity of shortening and relaxing during the first 1,000 to 2,000 impulses. On the other hand, the whole or subdissected normal gastrocnemius muscle characteristically developed a progressive delay in both rise to peak tetanic tension and relaxation very soon after stimulation was begun and then quickly went on to irreversible exhaustion. This latter behaviour is typical of a damaged or anoxic muscle and does not suggest that the dystrophic fibres, by comparison, are especially resistant to stress.
In these experiments we have found far more similarity between the diseased and normal fibres than differences with the tests we have used, and we believe that the previously reported resiliency of dystrophic muscle, as well as the apparent greater vulnerability of fast fibres to the disease process (Brust, 1966) were both the result of an experimental artefact. Laying aside the paradoxical durability phenomenon, one still has the question how it can be that tissues so grossly deranged histologically as dystrophic muscle fibres can still function so much like the normal. One possibility is that the finding results from a major sampling error, the fibres responding to the present series of test being largely spared by the disease process, while the others have either not achieved development past rudimentary stages (Goldspink and Rowe, 1968) or have been replaced with fat or connective tissue.
